Objectives Interleukin (IL)-21 is mainly produced by CD4 T helper (Th) cells including Th2, Th17 and follicular helper T (Tfh) cells. Recent studies have reported that IL-21 is involved in the formation of germinal centres (GCs) and class switching of IgG4. It has been suggested that IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS), so-called Mikulicz's disease (MD), is distinct from Sjögren's syndrome (SS) and shows a high frequency of GC formation in salivary glands. In this study the expression of IL-21 in IgG4-DS and SS patients was examined. Methods Twelve patients with IgG4-DS, 15 with SS and 15 healthy subjects were screened for (1) ectopic GC formation in formalin-fixed labial salivary gland (LSG) biopsy samples; (2) expression of IL-21, Th2-, Th17-and Tfh-related molecules (cytokines, chemokine receptors and transcription factors) in LSGs; (3) relationship between IgG4/IgG ratio and mRNA expression of IL-21 in LSGs.
Mikulicz's disease (MD) has been considered to be a subtype of Sjögren's syndrome (SS) based on the histopathological similarities between the two diseases. 1 2 Yamamoto et al reported that patients with MD had elevated serum IgG4 and infiltration of IgG4-positive plasma cells in the gland tissues. These findings have also been found in autoimmune pancreatitis, 3 sclerosing cholangitis, 4 tubulointerstitial nephritis, 5 interstitial pneumonia, 6 Ridel's thyroiditis 7 and Küttner's tumour. 8 These diseases are thus now referred to as 'IgG4-related disease' (IgG4-RD). 9 10 We recently described the concept of IgG4-RD and provided up-to-date information on this emerging disease entity. 11 Recent studies have referred to MD as 'IgG4-related dacryoadenitis and sialoadenitis' (IgG4-DS). [11] [12] [13] [14] Histologically, ectopic germinal centres (GCs) can frequently occur in the salivary glands in IgG4-DS. It is generally accepted that interleukin (IL)-21 plays a crucial role in the development of GC formation and is mainly produced by CD4 T cells (ie, T helper (Th) 2 cells, 15 Th17 cells 16 and T follicular helper (Tfh) cells 17 18 ). In particular, IL-21 production by Tfh cells, which are characterised by expression of CXC chemokine receptor 5 (CXCR5), help GC formation. 18 High levels of IL-21 receptors are present at the surface of most B cells. 17 We previously reported that peripheral CD4 T cells from patients with IgG4-DS have deviation of Th1/Th2 balance to Th2 and elevated expression of Th2-type cytokines, 19 suggesting that IgG4-DS has a Th2-predominant phenotype. 20 We also demonstrated a close association of IL-4 and IL-10 expression with IgG4 production in the labial salivary glands (LSGs) of patients with IgG4-DS. 21 22 Furthermore, recent studies in humans and mice reported that class switching of IgG4 is caused by co-stimulation with IL-4 and IL-21. [23] [24] [25] However, to our knowledge, no published reports have investigated the involvement of IL-21 expression in class switching of IgG4 in the salivary glands of patients with IgG4-DS. We therefore examined infiltrating lymphocytes expressing IL-21 in LSGs from patients with IgG4-DS to clarify the contribution of IL-21 to the pathogenesis of IgG4-DS.
METHODS Patients
Twelve patients with IgG4-DS (nine women and three men, mean±SD age 61.8±8.1 years) and 15 patients with primary SS (14 women and one man, mean±SD age 61.4±9.8 years) who were referred to the Department of Oral and Maxillofacial Surgery, Kyushu University Hospital between 2007 and 2011 were included in the study. Medical records were retrospectively reviewed after the diagnosis. IgG4-related MD (IgG4-DS) was diagnosed according to the following criteria: 2 11 (1) persistent symmetrical swelling of at least two pairs of lachrymal and major salivary glands for at least 3 months; (2) 26 Each patient showed objective evidence of salivary gland involvement based on the presence of subjective xerostomia and a decreased salivary flow rate, abnormal findings on parotid sialography and focal lymphocytic infiltrates in the LSGs. There was no documented history of treatment with steroids, HIV, HTLV-1, hepatitis B virus or hepatitis C virus infection, sarcoidosis or any other immunodepressants in any of the patients. None of the patients had evidence of malignant lymphoma at the time of the study. The prevalences of anti-SS-A/Ro, anti-SS-B/La and antinuclear antibodies were 72.6%, 33.2% and 71.6%, respectively. LSG biopsies were performed as described by Greenspan et al. 27 Fifteen patients with mucocoeles (11 women and four men, mean±SD age 58.4 ±16.3 years) with no clinical or laboratory evidence of systemic autoimmune disease were chosen as a control group. All control LSGs were histologically normal. The clinical and serological characteristics of the 15 patients with SS are summarised in table 2.
The study was approved by the ethics committee of Kyushu University, Japan and informed consent was obtained from all the patients and healthy controls included in the study.
Histology
Formalin-fixed and paraffin-embedded 4 μm sections of LSG specimens were prepared and stained with haematoxylin and eosin (HE) for conventional histological examination. The degree of lymphocytic infiltration in the specimens was judged by focus scoring. 21 27 28 One standardised score was the number of focal inflammatory cell aggregates containing ≥50 mononuclear cells in each 4 mm 2 area of salivary gland tissue. 29 
Evaluation of ectopic GCs
Ectopic GCs have been previously defined by the presence of B and T cell follicles, follicular dendritic cell networks and high densities of endothelial venules and proliferating cells. 30 31 In this study, HE-stained LSG tissue sections from 20 patients with IgG4-DS and 66 patients with primary SS who were referred to the Department of Oral and Maxillofacial Surgery, Kyushu University Hospital between 1993 and 2011 were evaluated for the frequency, number and size of ectopic GC formations. The numbers of GC were counted in 4 mm 2 sections from five different areas. Ectopic GCs were defined by HE staining as well-circumscribed chronic inflammatory cell infiltrates consisting of at least 50 mononuclear cells presenting with a densely-packed dark zone and a less densely-packed light zone. Only a few of the structures defined in this way corresponded to real GCs.
RNA extraction and complementary DNA (cDNA) synthesis
Total RNA was prepared from the whole LSGs using the acidified guanidinium-phenol-chloroform method, as previously described. 21 32 Three micrograms of the total RNA preparation was then used for the synthesis of cDNA. Briefly, RNA was incubated for 1 h at 42°C with 20 U RNasin ribonuclease inhibitor (Promega, Madison, Wisconsin, USA), 0.5 mg oligo-(dT) 1218 (Pharmacia, Uppsala, Sweden), 0.5 mM of each dNTP (Pharmacia), 10 mM dithiothreitol and 100 U RNase H reverse transcriptase (Life Technologies, Gaithersburg, Maryland, USA). Quantitative cDNA amplification from whole LSGs and microdissected samples was performed according to the manufacturer's instructions and previous reports. 21 32 cDNAs of the cytokines and transcription factors were analysed by real-time PCR using Light Cycler Fast Start DNA Master SYBR Green 1 (Roche Diagnostics, Mannheim, Germany) in a Light Cycler TTG CAG GTG  TAG GTC T-3 0 , 145 bp. In order to provide a meaningful comparison between different individuals or samples, the amounts of the PCR products were calculated relative to the amounts of β-actin PCR products (for the standardisation of total cellular mRNA) in each sample, as previously described. 21 34 Immunohistochemical analysis For immunohistochemical analysis, 4 μm formalin-fixed and paraffin-embedded sections were prepared and stained using a conventional avidin-biotin complex technique, as described previously. 21 35 The polyclonal antibodies used to analyse the cytokines were anti-IL-4 (clone: ab9622; Abcam, Cambridge, UK), anti-IL-17 (clone: sc-7927; Santa Cruz Biotechnology, Santa Cruz, California, USA), anti-IL-21 (clone: LS-C401; LifeSpan BioScience, LSBio, Seattle, Washington, USA) and anti-c-Maf (clone: ab77071; Abcam). SS1 (anti-sheep erythrocyte IgG2a), NS8.1 (anti-sheep erythrocyte IgG2b) and NS4.1 (anti-sheep erythrocyte IgM) were used as control rabbit polyclonal antibodies. The mouse monoclonal antibodies used to analyse the transcription factors were anti-Bcl-6 (clone: ab9479; Abcam), anti-CCR4 (MAB1567; R&D Systems) and anti-CXCR5 (clone: ab89259; Abcam). HDP-1 (anti-DNP IgG1) was used as a control mouse monoclonal antibody. The sections were sequentially incubated with primary antibodies, biotinylated anti-mouse IgG secondary antibodies (Vector Laboratories, Burlingame, California, USA), avidin-biotinhorseradish peroxidase complex (Vector Laboratories) and 3,3 0 -diaminobenzidine (Vector Laboratories). Mayer's haematoxylin was used for counterstaining. Photomicrographs were obtained using a light microscope equipped with a digital camera (CoolSNAP; Photometrics, Tucson, Arizona, USA). Stained IgG4-positive and IgG-positive cells were counted in 1 mm 2 sections from five different areas and the ratio of IgG4-positive cells to IgG-positive cells was calculated.
Statistical analysis
The significance of differences between groups was determined using χ 2 tests, Student t tests, Mann-Whitney U tests and Spearman rank correlations. All statistical analyses were performed using JMP software (V.8; SAS Institute, Japan). A p value <0.05 was considered statistically significant.
RESULTS

Formation of ectopic GCs in LSGs from patients with SS and IgG4-DS
SS was characterised by periductal lymphocytic infiltration with atrophy or severe destruction of the acini, while IgG4-DS showed non-periductal lymphocytic infiltration with hyperplastic GCs and mild destruction of the acini ( figure 1A) . Fifteen of 66 patients with SS (23%) and 12 of 20 patients with IgG4-DS (60%) showed ectopic GC formation in the formalin-fixed tissue. Patients with IgG4-DS showed significantly higher frequency, higher number and larger size of these structures compared with those from patients with SS ( figure 1B) . The characteristics of the 15 patients with SS and 12 patients with IgG4-DS who were found to have these structures are summarised in table 1A,B, respectively. The patients with SS and IgG4-DS all had strong lymphocyctic infiltration and the mean±SD focus scores were 9.27±1.53 and 10.4±1.16, respectively. Focus scores between the two groups were not significantly different.
Expression of IL-21 and Tfh-related molecules (CXCR5 and Bcl-6) in LSGs
The mRNA expression levels of IL-21, CXCR5 and Bcl-6 in LSGs from SS and IgG4-DS patients were significantly higher than those in controls ( figure 2A ). In addition, the mRNA expression levels of IL-21 and Bcl-6 in the LSGs from patients with IgG4-DS were higher than those from patients with SS. Representative histological findings in the LSG specimens from patients with SS and IgG4-DS and from controls are shown in figure 2Ba-c. Patients with SS and IgG4-DS showed GC formation. The specimens were immunohistochemically examined to evaluate the distribution of the cytokines, chemokine receptors and transcription factors in the LSGs from patients with SS and IgG4-DS (figure 2B). Expression of IL-21, CXCR5 and Bcl-6 was detected in ectopic GCs from patients with SS and IgG4-DS ( figure 2Be,f,h,i,k,l) . Interestingly, the expression of IL-21 and Bcl-6 was also detected in infiltrating lymphocytes outside the ectopic GCs only in patients with IgG4-DS ( figure 2Bf,l) . Expression of IL-21 was slightly detected in ductal epithelial cells in the LSGs from patients with SS and controls ( figure 2Bd,e) . None of the LSGs from controls exhibited CXCR5 or Bcl-6 expression (figure 2Bg,j).
Expression of Th2-related molecules (IL-4, CCR4 and c-Maf ) and Th17-related molecules (IL-17 and RORC2) in LSGs
As shown in figure 3A , mRNA expression levels of IL-4, CCR4, IL-17 and RORC2 in LSGs from patients with SS were significantly higher than in controls while mRNA expression levels of IL-4 and CCR4 were significantly higher in the LSGs from patients with IgG4-DS than in controls. Furthermore, the mRNA expression level of IL-4 was significantly higher in Figure 1 (A) Germinal centre (GC) formation in labial salivary gland (LSG) sections from representative patients with Sjögren's syndrome (SS) and IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS). The degrees of lymphocytic infiltration in LSGs from patients with SS and IgG4-DS had focus scores of 11. IgG4-DS showed lymphocytic infiltration with extensive ectopic GC formation compared with SS (a, b). The area enclosed by the red line shows the ectopic GCs in the LSGs from patients with SS and IgG4-DS (c, d). Scale bars, 100 and 200 μm. (B) Difference in ectopic GC formation between patients with SS and IgG4-DS. †Significance of the difference between the two groups was determined by χ 2 tests. † †Significance of the difference between the two groups was determined by the Student t test. HPF, high-power field.
LSGs from patients with IgG4-DS than in patients with SS. The specimens were immunohistochemically examined to evaluate the distribution of these molecules in the LSGs from patients with SS and IgG4-DS and controls (figure 3B). Expression of IL-4, CCR4 and c-Maf was prominently detected in the whole LSGs from patients with IgG4-DS compared with those from patients with SS ( figure 3Bb,c,e,f,  h,i,k,l) . The expression of IL-17 was slightly detected in the ectopic GCs from patients with SS but rarely in the whole LSGs from patients with IgG4-DS or controls ( figure 3Bj,k,l) . None of the control LSGs exhibited IL-4, CCR4 or c-Maf expression ( figure 3Ba,d,g ). Figure 2 (A) mRNA expression levels of interleukin 21 (IL-21) in the labial salivary glands (LSGs) from patients with IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS) were significantly higher than in those from patients with Sjögren's syndrome (SS) and controls. The mRNA expression levels of cytokine, chemokine receptor and transcription factor were examined in the LSGs from controls (n=15), patients with SS (n=15) and patients with IgG4-DS (n=12). IL-4, CXCR5 and Bcl-6 were quantitatively estimated as described in the Methods section. Bars represent means and SDs. Significant differences between groups were determined by the Mann-Whitney U test (*p<0.05, **p<0.01). (B) IL-21 was strongly expressed in whole LSGs only from patients with IgG4-DS. Staining with haematoxylin and eosin (HE) (a-c) and anti-IL-21 (d-f ), anti-CXCR5 (g-i) and anti-Bcl-6 ( j-l) monoclonal antibodies in the LSGs from a representative control, SS patient and IgG4-DS patient (brown). Counterstaining with Mayer's haematoxylin was performed subsequently (blue). The higher magnifications (e, f, h, i, k, l) are displayed at the upper right (in the ectopic germinal centre) and the lower right (outside the ectopic ectopic centre). Scale bars, 100 μm.
Relationship between GC formation and expression of IL-21 in LSGs
The relationship between the number of GC formations and levels of IL-21 mRNA expression in LSGs was examined. mRNA expression of IL-21 was positively correlated with the number of GC formations in LSGs from patients with IgG4-DS but not in those from patients with SS ( figure 4) .
Relationship between IgG4 production and expression of IL-21 in LSGs
The relationships between IgG4 production and levels of IL-21 mRNA expression in LSGs were examined. mRNA expression of IL-21 was positively correlated with the IgG4/IgG ratio in LSGs from patients with IgG4-DS but not with that in patients with SS ( figure 5A ). Patients with IgG4-DS showed Figure 3 (A) mRNA expression levels of interleukin 4 (IL-4) in the labial salivary glands (LSGs) of patients with IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS) were significantly higher than in those from patients with Sjögren's syndrome (SS). The mRNA expression levels of cytokine, chemokine receptor and transcription factor were examined in the LSGs from controls (n=15), patients with SS (n=15) and patients with IgG4-DS (n=12). IL-4, CCR4, IL-17 and RORC2 were quantitatively estimated as described in the Methods section. Bars represent means and SDs. Significant differences between groups were determined by the Mann-Whitney U test (*p<0.05, **p<0.01). (B) IL-4, CCR4 and c-Maf were strongly expressed in whole LSGs from patients with IgG4-DS but not in patients with SS. Immunostaining with anti-IL-4 (a-c), anti-CCR4 (d-f ), anti-c-Maf (g-i) and anti-IL-17 ( j-l) monoclonal and polyclonal antibodies in the LSGs from a representative control, SS patient and IgG4-DS patient (brown). Counterstaining with Mayer's haematoxylin was performed subsequently (blue). The higher magnifications (b, c, e, f, h, i, k, l) are displayed at the upper right (in the ectopic germinal centre) and the lower right (outside the ectopic germinal centre). Scale bars, 100 μm.
selective infiltration of IgG4+ plasma cells around the acini and ductal cells and only mild destruction of the acini compared with patients with SS ( figure 5B) . Furthermore, the level of IL-21 mRNA expression in LSGs from patients with IgG4-DS was correlated with the IgG4/IgG ratio in immunohistochemically positive cells ( figure 5C ).
DISCUSSION
In 1953, Morgan and Castleman examined specimens from 18 cases diagnosed with MD. 36 Because of the histological similarities between SS and MD, they reported that almost all cases diagnosed with MD were considered to be SS. 37 However, the results of the present study show that the pattern of GC formation in LSGs from patients with SS and MD (recently named IgG4-DS) were distinctly different; MD has more hyperplastic GCs than SS. We therefore focused on the mechanism of multiple GC formation in IgG4-DS.
IL-21 has been reported to control the functional activity of effector Th cells and to promote ectopic GC formation by Tfh cells, which were recently shown to contribute to impaired B cell differentiation. 17 In mice responding to helminth antigens, Tfh cells differentiating from Th2 cells help GC formation in the lymph nodes. We therefore examined the expression of IL-21 and Tfh-related molecules (CXCR5 and Bcl-6) in LSGs from SS and IgG4-DS patients. Immunohistochemical staining indicated that CXCR5 expression was strongly detected in ectopic GCs from both SS and IgG4-DS patients. Interestingly, IL-21 and Bcl-6 expression was strongly detected outside ectopic GCs only in patients with IgG4-DS. As noted above, IL-21 is mainly produced by Th2 and Th17 cells in addition to Tfh cells. 15-18 38 In order to reveal the differences in IL-21-expressing infiltrating lymphocytes in LSGs between SS and IgG4-DS, we also analysed the expression of Th2-related molecules (IL-4, CCR4 and c-Maf ) and Th17-related molecules (IL-17 and RORC2). The expression patterns of Th2-related molecules in LSGs were similar to that of IL-21 in patients with IgG4-DS. In contrast, Th17-related molecules were rarely expressed in patients with IgG4-DS. In this study the mRNA expression levels of IL-21 and IL-17 in the LSGs from patients with SS were higher than those in controls. Furthermore, the expression of IL-21 was detected more strongly in and around the ectopic GC than the ductal epithelial cells in patients with SS. A recent study reported that IL-21 alone was capable of directly inducing both B lymphocyte-induced maturation protein-1 (Blimp-1), which is required for plasma cell differentiation, and Bcl-6, which is required for GC formation. 18 Hiramatsu et al 39 recently reported that c-Maf, which is a Th2 cell-specific transcription factor that activates the IL-4 promoter, directly induced IL-21 production in CD4 T cells. Furthermore, in the present study we found that IL-21 was positively correlated with the number of GC formations in LSGs from patients with IgG4-DS. These findings suggest that excessive IL-21 production by Th2 cells in salivary glands from patients with IgG4-DS might induce expression of Bcl-6 in B cells resulting in multiple GC formations.
On the other hand, several studies have reported that IL-21 and IL-17 were detected in epithelial and infiltrating mononuclear cells in LSGs from patients with SS and may play an important role in the pathogenesis of SS. [40] [41] [42] These results are consistent with our present data. In this study the mRNA expression levels of IL-21 and IL-17 in LSGs from patients with SS were higher than those from controls. Furthermore, the expression of IL-21 was detected more strongly in and around the ectopic GC than the ductal epithelial cells of patients with SS. In contrast, the expression of IL-17 was detected more strongly in and around the ductal epithelial cells than the ectopic GC from patients with SS. In addition, our previous study indicated that mRNA expression levels of Th17-related molecules in the LSGs from patients with SS were significantly higher than in controls. 21 Allergic immune responses are known to be caused by allergen-specific Th2-type cytokines IL-4 and IL-13 which are responsible for IgG4 and IgE induction by B cells. 43 A previous study indicated that IL-10 decreased IL-4-induced IgE switching but increased IL-4-induced IgG4 production. 44 We previously reported that class switching of IgG4 in IgG4-DS is caused by IL-4 and IL-10. 21 Furthermore, several studies have reported that IL-21 directly inhibits IL-4-induced IgE production, 24 and class switching of IgG4 is caused by co-stimulation with IL-4 and IL-21 in humans and mice. 23 In addition, IL-21 induced IL-10 production by mitogen-stimulated peripheral blood mononuclear cells in humans. 25 We therefore suggested that IL-21 correlated with IL-4 and IL-10 in the class switching of IgG4. In the current study we found that IL-21 was positively correlated with the IgG4/IgG mRNA expression ratio by real-time PCR analyses and the IgG4/IgG ratio in immunohistochemicallypositive cells. These results suggest that IL-21 might also be involved in the class switching of IgG4 in IgG4-DS. However, Figure 4 Expression of interleukin 21 (IL-21) may be correlated with ectopic germinal centre (GC) formation in the labial salivary glands (LSGs) of patients with IgG4-related dacryoadenitis and sialoadenitis (IgG4-DS). Correlations between the number of GC formations and IL-21 mRNA expression level in the LSGs from patients with Sjögren's syndrome (SS) (n=15) and those with IgG4-DS (n=12). Real-time PCR products for IL-21 were quantitatively estimated as described in the Methods section. Numbers of GC per high-power field (HPF) were counted in 4 mm 2 sections from five different areas as described in the Methods section. Significance of differences between groups was determined by Spearman rank correlation (*p<0.05). NS, not significant. more case reports and further examinations are required to elucidate the pathogenesis of the disease.
In this study we have confirmed that the overexpression of IL-21 by Th2 cells is involved in the induction of multiple GC formation and IgG4 production in IgG4-DS. However, further studies are needed, including the establishment of a mouse model of IgG4-DS. A more thorough understanding of the complex mechanisms of IgG4-DS, especially the role of Th subset-related cytokines, could lead to the development of novel pharmacological strategies aimed at disrupting the cytokine network and inhibiting the initiation and/or progression of IgG4-DS. 
